Potatoes are an important staple food worldwide and are the third main source of antioxidants in the human diet. One of the most important antioxidant compounds in potatoes is the anthocyanin pigments. Some reports indicate a high positive correlation between color intensity, anthocyanins content, and antioxidant level in potato tubers. The variation in anthocyanins composition and content in potato tubers among diverse germplasm sources has important nutritional and health implications and constitutes an interesting trait for potato breeding programs focused on enhancing the anthocyanin and antioxidant contents of potato materials. We identified and quantified five anthocyanidins (delphinidin, cyanidin, petunidin, pelargonidin, and peonidin) on tubers from the Colombian germplasm collection of Solanum tuberosum L. Group Phureja. The phenotypic data were merged into a genome-wide association study in order to identify genomic regions associated with the nutritional compounds' variation in potatoes. The association was conducted using a 7520 single nucleotide polymorphisms markers matrix. Seven quantitative trait loci were identified. Chromosomes I and X harbored the most stable quantitative trait loci (QTL). Three quantitative trait loci were identified close to previously reported genes involved in the regulation of anthocyanins in potato tubers. The genomic regions of these QTL reveal presumptive candidate genes as genetic factors that are the basis for a better understanding of the genetic architecture of the regulation of nutritional compounds in potatoes.
Introduction
Potato (Solanum tuberosum L.) is a basic non-cereal crop worldwide [1] and constitutes the third most important source of antioxidants in human diets [2, 3] , therefore, it plays an important role in food security and nutrition around the world [4, 5] . The main diverse wild potatoes are found in the Andes natural region of South America [6, 7] . Recent evidence suggests that the Solanum tuberosum Group Phureja, a cultivated potato group, which is mainly comprised of diploid genotypes, contains higher nutritional value than other potato species [8] [9] [10] . These potatoes possess a wide variability in important nutritional traits, flesh and skin colors from yellow to purple [8, [11] [12] [13] , and contain health-promoting compounds such as polyphenols, including anthocyanins, and carotenoids [14] [15] [16] [17] . In recent years, there has been an increasing interest in potatoes with red and purple flesh or skin, and they have attracted the attention of researchers, as well as consumers, due to their antioxidant Group Phureja in the Working Collection of the Potato Breeding Program at Universidad Nacional de Colombia, for individual anthocyanidins amount in the main consumption form, cooked tubers [13] . This working collection is highly diverse and has materials that differ in tuber skin color, among other interesting traits. Additionally, it has not been explored in this sense. Therefore, we hypothesize that a number of unexplored genomic regions could exist which are responsible for the quantitative variation of anthocyanins that have not been identified, and which, if they exist, can be revealed through a genome-wide association study (GWAS) from the phenotypic data of this working collection. The identification of genomic regions and favorable alleles associated with anthocyanins content and composition in potato tubers could be validated and then could be useful for breeding programs for bioactive compounds in potato landraces, which are cultivated especially by native and indigenous communities in the Andean mountains.
Materials and Methods

Plant Material
For the anthocyanin phenotyping, a panel of 109 diploid landrace accessions from the Solanum tuberosum Group Phureja, included from Working Collection of the Potato Breeding Program at Universidad Nacional de Colombia, was employed. Three biological replicates (composed of ten plants each) per accession were planted at three randomized blocks in a field at Facatativá, Cundinamarca, Colombia (4 • 48' N, 74 • 21' W), 2,650 m above sea level (masl), average temperature 15 • C and relative humidity of 75%. For the anthocyanin extraction, each replicate sample consisted of ten tubers, taken randomly from the ten plants. Tubers were harvested at physical maturity, when they had developed an appropriate degree of skin set [55] . Samples from each accession were washed, cooked unpeeled, and freeze-dried, according to the methodology validated by Duarte-Delgado [56] .
Anthocyanin Extraction
The extraction of anthocyanins was carried out using the standardized procedure, as follows: 0.05 g of freeze-dried material was placed in an extractive solvent consisting of a mixture of water/acetonitrile/formic acid (87:3:10, v:v:v) [33] . Samples were submitted to cavitation and the supernatant was removed. Subsequently, a solid phase extraction (SPE) was performed to purify the anthocyanin extracts. The SPE had three steps, (i) conditioning the supernatant in a reverse phase silica cartridge C18, (ii) rinsing and cleaning the sample, and (iii) eluting and recuperation of anthocyanin compounds in the separation step, with a known volume of acidified ethanol (0.01% HCl). To minimize degradation, the extracted product from each sample was stored at −80 • C under dark conditions.
Quantification of Anthocyanins in Cooked Tubers
Potato anthocyanin pigments were analyzed using high performance liquid chromatography (HPLC), elucidating their structures in their aglycone form. For this, an acid hydrolysis was used to reduce the complex pattern of anthocyanins in six large groups of reference compounds (anthocyanidins), separating aglycones from sugars: delphinidin, cyanidin, petunidine, pelargonidine, peonidin, and malvidin. The hydrolysis was performed using HCl 4 N in a 1:1 ratio, v:v with the extracted product. The mixture was hydrolyzed at 100 • C for 30 min, and introduced immediately into an ice bath, then stored at −20 • C for 20 min. The product was dried totally using a Büchi Rotavapor R-114. Finally, 500 µL of mobile phase water/acetonitrile/formic acid were added. The analysis was performed in an ultra-high performance liquid chromatography (UHPLC) ultimate 3000 (Dionex, Sunnyvale, CA, USA, EE.UU) equipped with a diode array detector (DAD-3000RS).
The separation of each anthocyanidin was performed with a Hypersil Gold RP 18 column (150 × 2.1 mm × 1.2 µm, Thermo Fisher Scientific, Waltham, MA, USA) operated at 21 • C [33] . The reversed-phase column used allowed the separation of compounds through hydrophobic interactions between a stationary phase and a mobile phase. Two solvent mixtures were employed as mobile phase, solvent A: acetonitrile/water/formic acid (3:87:10, v/v/v), and solvent B: acetonitrile/water/formic acid (50:40:10 v/v/v), at a flow of 0.4 mL/min. A linear gradient was conducted as follows: 6% to 20% solvent B for 10 min, 20% to 40% for 10 min, 40% to 50% for 10 min, and 50% to 60% for 5 min. The anthocyanidins detection was recorded at the maximum absorption visible at 520 nm. Anthocyanidin quantification was performed by means of calibration curves from pure standards, with a combined analysis of retention times and the visible absorption spectrum obtained by a diode array detector. To compensate for any anthocyanidin degradation during acid treatment, the preparation of the standards followed the same acid hydrolysis process mentioned above. The results of individual anthocyanidins were expressed as mg of compound/100 g dry matter (DM) sample using the starting masses.
The results of the composition and quantification of anthocyanidins were analyzed to confirm a normal distribution using the Shapiro-Wilk test (α = 0.05). A principal component analysis (PCA) was applied to illustrate the direction of the increase of the variables represented by vectors and their degree of correlation. Kaiser's criteria followed [57] , which retains the main components with values greater than unity. Subsequently, to phenotypically describe the association panel, data were subjected to a hierarchical cluster analysis from the quantitative variables using the farthest neighbor method, which incorporates in the PCA biplot the information of the clusters. The number of groups was determined from the analysis of a dendrogram (Supplementary Material 1), dividing at the level of the different groups with biological importance. Multivariate analysis was performed using the R software [58] .
QTL Identification and Candidate Gene for Anthocyanin Concentration
For GWAS, a matrix of 7520 single nucleotide polymorphisms (SNPs) from a genotyping by sequencing (GBS) of 96 evaluated potato accessions out of 109 was used, since for these accessions the phenotypic data were complete. The GBS method used a two-enzymes system that included one "rare-cutter" and one "common-cutter", PstI/MspI, respectively, for the digestion step [59] , and selective amplification was performed as described by Sonah et al. [60] . Raw data (fastq format) from the GBS methods were analyzed to detect SNPs, according to the pipeline of NGSTools Eclipse Plugin (NGSEP) [61] . The reference genome from the double monoploid of S. tuberosum group Phureja clone DM1-3 (DM-v4.03) was used to identify SNPs [62] . SNP markers with more than 10% missing data and markers with a minimum allelic frequency of less than 0.05 were excluded from the analysis [63] (Supplementary Material 2). A lack of population structure in the Phureja accessions studied was assumed, as previously described [64] . The GWAS was conducted by using the whole phenotype data set and separately for each of the anthocyanidin compounds applying a compression mixed linear model (CMLM) [65] , using the Genome Association and Prediction Integrated Tool (GAPIT) R package ® [66] .
The quantile-quantile (QQ) representations of the probabilities of the expected and observed F test for the SNPs markers were evaluated to identify the appropriate model in the control of Type I errors caused by kinship relationships [67, 68] . Principal components (PCs) were used to control for population structure (quantile-quantile plots showed over fitting of a PC + K model). A Bonferroni-corrected threshold probability based on individual tests was calculated to correct for multiple comparisons [69] . The QTL association threshold was established with the dimension of the marker matrix, the significant cutoff value was defined as 0.1, divided by the number of markers. QTL were selected when the p-values of the SNPs were less than the cutoff value. Possible candidate genes were identified within an estimated 100 kb window of linkage disequilibrium (LD) decay. The genes were annotated according to DM-v4. to the positions of the closest significant SNPs [62] .
Results
Quantification of Anthocyanidins in Cooked Tubers
Anthocyanidins delphinidin, cyanidin, petunidin, pelargonidin, and peonidin were identified in a potato association panel constituted by accessions of diploid potatoes of Group Phureja. The anthocyanidins eluted at retention times ranging from 6 to 16 min: delphinidin at 8.07 min, 11.59 min for cyanidin, 13.21 min for petunidin, 14.92 min for pelargonidin, and 16.31 min for peonidin ( Figure 1) . A high phenotypic variation in the concentration of individual anthocyanidins within the potato accession collection was evident. Delphinidin concentrations ranged from below quantification limit (BQL) to 18.84 mg/100 g dry matter (DM), cyanidin ranged from BQL to 25.99 mg/100 g DM, peonidin from BQL to 31.04 mg/100 g DM, petunidin from BQL to 94.41 mg/100 g DM, and pelargonidin with a range from BQL to 167.76 mg/100 g DM. The mean concentrations of anthocyanins with their standard deviations of the 109 accessions evaluated from cooked tubers are displayed in Supplementary Material 3.
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Anthocyanidins delphinidin, cyanidin, petunidin, pelargonidin, and peonidin were identified in a potato association panel constituted by accessions of diploid potatoes of Group Phureja. The anthocyanidins eluted at retention times ranging from 6 to 16 min: delphinidin at 8.07 min, 11.59 min for cyanidin, 13.21 min for petunidin, 14.92 min for pelargonidin, and 16.31 min for peonidin ( Figure 1) . A high phenotypic variation in the concentration of individual anthocyanidins within the potato accession collection was evident. Delphinidin concentrations ranged from below quantification limit (BQL) to 18.84 mg/100 g dry matter (DM), cyanidin ranged from BQL to 25.99 mg/100 g DM, peonidin from BQL to 31.04 mg/100 g DM, petunidin from BQL to 94.41 mg/100 g DM, and pelargonidin with a range from BQL to 167.76 mg/100 g DM. The mean concentrations of anthocyanins with their standard deviations of the 109 accessions evaluated from cooked tubers are displayed in Supplementary Material 3. The PCA-cluster analysis explained 88.37% of the variation (Figure 2 ). The direction of the five vectors corresponds to the individual anthocyanins identified in the potato accessions. It is shown that the composition of pelargonidin is independent on the other four anthocyanins, due to the correlation of 0.0075 found between pelargonidin and petunidin, 0.1376 with cyanidin, and 0.5556 with peonidin, whose vector is the closest one. Among the four remaining anthocyanins, correlations between 0.62 and 0.84 were observed. The PCA-cluster analysis explained 88.37% of the variation (Figure 2 ). The direction of the five vectors corresponds to the individual anthocyanins identified in the potato accessions. It is shown that the composition of pelargonidin is independent on the other four anthocyanins, due to the correlation of 0.0075 found between pelargonidin and petunidin, 0.1376 with cyanidin, and 0.5556 with peonidin, whose vector is the closest one. Among the four remaining anthocyanins, correlations between 0.62 and 0.84 were observed.
The cluster analysis identified six different groups or anthocyanidin content profiles for the 109 potato accessions analyzed (Supplementary Materials 3 and 4). Group 1, represented by 71.55% of the analyzed accessions, presented the lowest concentration of the five anthocyanidin compounds. Group 2 included a considerable concentration of pelargonidin, with values between 16.92 and 37.86 mg/100 g DM, however, it had low contents of the remaining four compounds. Group 3 had a considerable concentration of petunidin, between 19.41 to 76.51 mg/100 g DM, and peonidin at concentrations of up to 22.77 mg/100 g DM, or contents at up to 32.70 mg/100 g DM of pelargonidin. Group 4 contained genotypes with pelargonidin concentrations ranging from 64.34 to 84.90 mg/100 g DM, and also had petunidin concentrations at up to 27.8 mg/100 g DM. Group 5 involved 4.59% of the genotypes, and contained the highest reported pelargonidin content, 86.84 to 167.75 mg/100 g DM, however, it presented the lowest contents of the remaining four anthocyanins. Group 6 represented 2.75% of the analyzed genotypes, had low concentrations of pelargonidin, but presented the highest delphinidin, cyanidin, petunidin, and peonidin contents of the analyzed genotypes. A chromatogram from HPLC (processed at 520 nm) representative of an accession from each anthocyanidin content profiles or group identified from the phenotyping data is shown in Supplementary Material 5. The cluster analysis identified six different groups or anthocyanidin content profiles for the 109 potato accessions analyzed ( Supplementary Materials 3 and 4 ). Group 1, represented by 71.55% of the analyzed accessions, presented the lowest concentration of the five anthocyanidin compounds. Group 2 included a considerable concentration of pelargonidin, with values between 16.92 and 37.86 mg/100 g DM, however, it had low contents of the remaining four compounds. Group 3 had a considerable concentration of petunidin, between 19.41 to 76.51 mg/100 g DM, and peonidin at concentrations of up to 22.77 mg/100 g DM, or contents at up to 32.70 mg/100 g DM of pelargonidin. Group 4 contained genotypes with pelargonidin concentrations ranging from 64.34 to 84.90 mg/100 g DM, and also had petunidin concentrations at up to 27.8 mg/100 g DM. Group 5 involved 4.59% of the genotypes, and contained the highest reported pelargonidin content, 86.84 to 167.75 mg/100 g DM, however, it presented the lowest contents of the remaining four anthocyanins. Group 6 represented 2.75% of the analyzed genotypes, had low concentrations of pelargonidin, but presented the highest delphinidin, cyanidin, petunidin, and peonidin contents of the analyzed genotypes. A chromatogram from HPLC (processed at 520 nm) representative of an accession from each anthocyanidin content profiles or group identified from the phenotyping data is shown in Supplementary Material 5.
Genome-Wide Association Study for Anthocyanidins Concentration Regulation
The genetic basis of natural variation for anthocyanins levels from cooked potato tubers was explored, employing an association panel of 96 accessions genotyped with 7,520 SNP markers for use in a GWAS of five anthocyanidins traits with a compression mixed linear model. A total of seven QTL were identified. These QTL would be involved in the genetic control of the anthocyanin content in cooked tubers (Supplementary Material 6). These QTL explain from 2.4% to 67% of the phenotypic variance (anthocyanidin content and composition). Three QTL map in chromosomes X, one in chromosome I, and one QTL in chromosomes II, XI, and XII (Table 1 ). 
The genetic basis of natural variation for anthocyanins levels from cooked potato tubers was explored, employing an association panel of 96 accessions genotyped with 7,520 SNP markers for use in a GWAS of five anthocyanidins traits with a compression mixed linear model. A total of seven QTL were identified. These QTL would be involved in the genetic control of the anthocyanin content in cooked tubers (Supplementary Material 6). These QTL explain from 2.4% to 67% of the phenotypic variance (anthocyanidin content and composition). Three QTL map in chromosomes X, one in chromosome I, and one QTL in chromosomes II, XI, and XII (Table 1) .
Two of the seven QTL were considered stable QTL, as they were detected for the five anthocyanidins. The QTLs identified as AnthoX_Chloro and AnthoX_STS, belonging to the X chromosome, were detected in a genome-wide association for the five traits. The strongest association signal was detected for pelargonidin with the peak SNP locus AnthoX_Chloro localized within the Chloroplast threonine deaminase 1 gene (PGSC0003DMT400045363/Chloroplast threonine deaminase 1 gene), explaining the 67% of the phenotypic variance. In a search window of 100 kb according to the LD decay, we found a Phenylalanine ammonia-lyase-gene (PALPGSC0003DMT400080548) within the flanking region of AnthoX_Chloro, which corresponds to the first enzyme involved in the anthocyanin biosynthetic pathway [51] . AnthoX_STS was localized at chr10:52261553 (PGSC0003DMT400045346/STS14 protein gene), and is strongly associated with pelargonidin, explaining30% of the phenotypic variance. On chromosome X, we also reported the QTL AnthoX_Adeny, colocalized at chr10:57301864 (PGSC0003DMT400060833/Adenylyl-sulfate kinase gene), explaining 67% of the phenotypic variance of pelargonidin. The QTL AnthoI_Ser/Thr belonging to the chromosome I, was associated with the concentration of cyanidin co-localized with chr01:50785405 (PGSC0003DMT400013570/Serine/threonine-protein phosphatase gene) and explained 31% of the phenotypic variance. The QTL AnthoII was associated with the petunidin concentration on chromosome II (chr02:48517142,), we found the acetyl-CoA carboxylase-gene (ACCase-PGSC0003DMT400052139) within the flanking region of 100 kb of AnthoII. The QTL AnthoXI was associated with the delphinidin concentration, co-localized chr11:40001900 (PGSC0003DMT400019149/conserved gene of unknown function) and explained 37% of the phenotypic variance. Finally, the QTL AnthoXII was associated with the petunidin concentration, is located inchr12:24259182 (PGSC0003DMT400090245/Hypothetical gene of unknown function) and explained 48% of the phenotypic variance (Table 1, Figure 3 ). Figure 3 ). tuberosum Group PhurejaIn red it is shown SNP markers significantly associated in this study. In blue genes that are within ± 100 kb of the associated SNPs involved in the anthocyanin biosynthetic pathway. In green other transcription factors and genes reported as associated with the anthocyanin biosynthetic pathway [45, 48, 49, 70] . The genetic distances are given in Mbp, according to the current reference genome DM-v4. Black represents the markers that limit each chromosome in the potato genome. Diagram plotted with MapChart software.
Discussion
Five different anthocyanidins were identified and quantified in the Solanum tuberosum L. Group Phureja Working Collection of the Potato Breeding Program at Universidad Nacional de Colombia. Among them, pelargonidin was the predominant anthocyanidin. The anthocyanidins identified in this study are consistent with those found in previous studies in S. tuberosum, employing chromatographic methods [22] . Pillai et al. [31] analyzed anthocyanidin content in 15 tuberosum Group PhurejaIn red it is shown SNP markers significantly associated in this study. In blue genes that are within ± 100 kb of the associated SNPs involved in the anthocyanin biosynthetic pathway. In green other transcription factors and genes reported as associated with the anthocyanin biosynthetic pathway [45, 48, 49, 70] . The genetic distances are given in Mbp, according to the current reference genome DM-v4. Black represents the markers that limit each chromosome in the potato genome. Diagram plotted with MapChart software.
Five different anthocyanidins were identified and quantified in the Solanum tuberosum L. Group Phureja Working Collection of the Potato Breeding Program at Universidad Nacional de Colombia. Among them, pelargonidin was the predominant anthocyanidin. The anthocyanidins identified in this study are consistent with those found in previous studies in S. tuberosum, employing chromatographic methods [22] . Pillai et al. [31] analyzed anthocyanidin content in 15 Phureja potato genotypes and established the predominance of petunidin and pelargonidin as compared to other anthocyanidins, with some traces of malvidin and cyanidin. Likewise, in the current study, a wide phenotypic variation was observed in the concentration of individual anthocyanidins within the 109 accessions analyzed. A range of total anthocyanidins content from below quantification limit to 189.13 mg/100 g DM was found. Such variation occurred in the total content and in each individual anthocyanidin analyzed within the potato collection. Cluster analysis of individual anthocyanidins contents revealed promising materials to be used by future plant breeding programs as sources of high levels of antioxidants.
The genetic control of the regulation of nutritional compounds in potatoes is a complex trait. The genomic regions involved in the regulation of the anthocyanidin pathway are not necessarily those known enzyme gene coding regions, conversely, other genomic regions could be playing an important control role. Therefore, identifying the underlying genetic factors of the quantitative variation of anthocyanidin through a GWAS approach with a robust phenotyping characterization becomes the basis for a better understanding of the complex genetic control of the regulation of nutritional compounds in potatoes. Here, we report the identification of seven QTLs associated with the potato anthocyanidins concentration on the chromosomes I, II, X, XI, and XIX. We found chromosomes I and X to be special interest since they contain the strongest association signal and stable QTL. All seven QTLs constitute putative genomic regions involved in the regulation of the traits, and do not necessarily represent the genes responsible for anthocyanin regulation in potatoes. Taking into account the typical linkage disequilibrium (LD) exhibited by cultivated potatoes [71] , which correlates with the LD reported here, 1 Mbp ( Supplementary Material 7) , it is to be expected that these regions are flanking the genes that govern the trait of interest. However, we explored a window of 100 Kb according to the LD estimated for marker pairs with each peak SNP loci.
Two significant QTLs associated with the accumulation of cyanidin in potato tubers were located in chromosome I, AnthoI_Ser/Thr. AnthoI_Ser/Thr colocalizes in a gene coding for a serine/threonine-protein phosphatase protein. In addition, the TF MYB, bHLH localized 5 Mbp from the QTL AnthoI_Ser/Thr, which co-regulates the anthocyanin-specific genes together with the AN2 potato locus [72] .
Chromosome X harbors the QTL AnthoX_STS whose genomic position co-localizes to the sts14 gene, which encodes a protein that belongs to the SCP_PR-1 (SCP-like extracellular protein domain, PR-1 like subfamily) family. On the other hand, QTLs AnthoX_Chloro and AnthoX_STS also located in chromosome X, are physically 256.685 bp apart, and could be considered the same QTL given their proximity. However, despite this physical proximity, we consider them independent QTLs, given that the percentage of variability explained by each is different, and that they co-localize with different genes. Interestingly, the gene anthocyanin2 (an2) is located at 1.4 Mbp from the genomic localization of these QTLs. The an2-gene encodes an Myb domain transcriptional regulator factor involved in the anthocyanin pathway ( Figure 3) [38, 49, 70] . Furthermore, some transcription factors (TFs), belonging to the MYB superfamily, have been reported to regulate anthocyanins metabolism in potatoes and they co-localize in chromosome X [39, 48] . Remarkably, we found that TFs R2R3-MYB and MYB-FT TFs are located at 1.7 Mbp and 1.8 Mb, respectively, from QTL AnthoX_Chloro. We found a Phenylalanine ammonia-lyase-gene (PAL) in the 100 Kb search window with the peak SNP AnthoX_Chloro. This gene encodes the PAL enzyme, which is the first stage in the anthocyanin biosynthetic pathway, in the conversion of phenylala-nine to coumarate-CoA [51] , which can be an important genomic region in the regulation of anthocyanin concentration. The genome position of QTL AnthoX_Adeny, a third QTL found in chromosome X, is 300 Kb from a gene encoding for a TF MYB-RL3 (Figure 3 ). It is known that among some MYBs, the TFs, R2R3 MYB family plays an important role in regulating the expression of catalytic enzymes, including the anthocyanin pathway [73] . In addition, several R2R3 MYB regulators have been demonstrated to be transcriptional activators of the anthocyanin biosynthetic pathway from many species, such as Arabidopsis [74] , petunia [72] , and tomatoes [75] .
We also highlight the identification of the QTL AnthoXI in chromosome XI, which is physically close, less than 500 Kb, to the previously reported locus P (flavonoid 3 ,5 -hydroxylase-f3 5 h). This gene is required for the production of purple delphinidin-based pigments [45] . Due to the LD decay reported here, this finding is not surprising, as it seems that our results restore the f3 5 h gene as a key gene involved in the genetic regulation of anthocyanidins. In addition, the QTL AnthoXI is nearby to TF MYB-FT and MYB1-2. These TFs belong to the TF complex (MYB-bHLH-WD40) which has been reported to allow the expression of anthocyanin pathway genes [47] .
Due to the high concentrations of pelargonidin found in some accessions of the potato association panel evaluated, it is expected that some QTLs would be found on chromosome II, co-localizing with the R locus (dfr-dihydroflavonol 4-reductase). The R locus has been reported to require the production of red pelargonidin-based pigments [44] . The lack of representativeness of SNP markers in the physical location where the R locus and other gene members of the phenylpropanoid pathway reside can explain the non-identification of them.
Three of the seven QTLs detected in this study co-localize physically close to previously reported genetic regions related to the anthocyanidins synthesis at different levels. Even though three of the presumptive candidate genes derived from the QTL regions do not belong to genes directly related to the anthocyanin biosynthetic pathway, they still need to be considered as presumptive candidate genes for the regulation of anthocyanin compounds in potato tubers, and their functional validation in the immediate future should be the next step.
Conclusions
We reported the identification and quantification of five anthocyanidins in cooked tubers of diploid potatoes belonging to the Colombian germplasm of Solanum tuberosum Group Phureja. A GWAS analysis of the concentration of individual anthocyanidins per genotype revealed seven QTLs strongly associated with the anthocyanidin contents. The genome position of the QTLs AnthoX_Chloro and AnthoX_STS suggests a co-localization with the potato gene an2 (I locus), while the QTL AnthoX1 co-localizes in the previously reported f3 5 h potato gene (P locus). Both loci I and P have been reported as important genes for the pigment of diploid potato tuber flesh. Besides this, the rediscovery of a QTL previously involved in the regulation of anthocyanins in potatoes, we introduced four new genetic factors that may be playing important roles in the control of this interesting trait. These genetic factors constitute key pieces for a deep understanding of the regulation of anthocyanin concentration in potatoes. In the future, it would be worth performing further investigation with large population sizes and potentiate this with the precision of the phenotyping obtained with UHPLC for identification and measuring bio compounds. Funding: This research was funded by the International Development Research Centre (IDRC) and Global affairs Canada through the Canadian International Food Security Research Fund (CIFSRF) that funded the project SAN Nariño number 108125-002, and the "Departamento Administrativo de Ciencia, Tecnología e Innovación" COLCIENCIAS for funding the Project 110171250437.
